The involvement of matrix metalloproteinase-9 (MMP-9) activities in the development of abnormal water diffusion in the brain after cardiac arrest is not fully understood. We used magnetic resonance imaging to determine the correlation between MMP-9 activity and the mechanism of abnormal water diffusion after global cerebral ischemia (GCI)-induced brain damage in C57black6 mice. We induced GCI in mice by occluding both carotid arteries for 60 min, then allowing reperfusion. We labeled a short DNA that targets mmp-9 mRNA activity [phosphorothioate-modified oligodeoxynucleotide (sODN)-mmp9] or a control probe without intracellular target (sODN-Ran) with iron-based MR contrast agent [superparamagnetic iron oxide nanoparticle (SPION)-mmp9 or SPION-Ran] or fluorescein isothiocyanate (FITC)-sODN-mmp9 or FITC-sODN-Ran; we then delivered these probes by intracerebroventricular infusion or intraperitoneal injection within 3 h of reperfusion. At low dose (120 pmol/kg) the SPION-mmp9 probe was retained at significant levels in the striatum and cortex of living brains 10 h after GCI. Probe retention was validated by similar elevation of mmp-9 mRNA and antigens in postmortem samples taken from regions that exhibited GCI-induced hyperintensity in diffusion-weighted imaging, and a significant reduction in apparent diffusion coefficient (rADC, p ϭ 0.0006, n ϭ 12). At a higher dose (120 nmol/kg), the FITC-sODN-mmp9 probe revealed significant knockdown of MMP-9 activity, per zymography, and a reversal of striatal rADC ( p ϭ 0.004, n ϭ 6). These observations were not duplicated in the control group. We conclude that expression of mmp-9 mRNA is associated with abnormal ADC after GCI.
Introduction
Disruption of the blood-brain barrier (BBB) contributes the formation of vasogenic edema in the CNS after stroke, traumatic brain injury, multiple sclerosis, and certain other neurological disorders. Our understanding of abnormal water diffusion as measured by hyperintense diffusion-weighted imaging (hDWI) comes from studies involving a stroke model (Moseley et al., 1993; Montaner et al., 2003) . Increasingly, however, reports of BBB leakage, cell death, and MMP-9 activities from studies using global cerebral ischemia (GCI) or cardiac arrest models have also emerged (Mossakowski et al., 1994; Li et al., 2005; Lee et al., 2007) . It is known that matrix metalloproteinases (MMPs), a family of proteolytic enzymes, degrade all components of the extracellular matrix within 24 h of the onset of cerebral ischemia, when they are activated from pro-MMP-9 (gelatinase B, EC.3.4.24.35) or pro-MMP-2 after oxidative stress or cerebral ischemia. Activated MMP-9 (88 kDa) remains elevated in neurons for as long as 20 h, with activation peaking at 6 h after incident onset (Leone et al., 2000; Gu et al., 2002; Zozulya et al., 2008) . Gene knockdown using a short interfering RNA with sequence antisense to the mRNA has been effectively used to inhibit MMP-9 expression in cell culture conditions (Kao et al., 2003; W. Liu et al., 2006) and to inhibit invasion by glioma and angiogenesis (Girolamo et al., 2004; Gondi et al., 2004) . The results of these studies therefore indicate that this technique may be of value for validating gene function in neurological disorders (Horstmann et al., 2003) .
Methods to investigate the mechanisms that underlie gene activities, especially at the level of the DNA or RNA, have typically depended on tissue biopsy of affected organs or postmortem testing. Because these conventional assays require the removal of tissue, the ability to assess gene activation to evaluate the efficacy of potential therapies, for instance, gene or stem cell approaches, has been significantly limited. As an alternative, we have developed several brain probes that target cerebral gene transcripts and can be detected in contrast-enhanced magnetic resonance imaging (MRI). As part of a long-term goal to explore in greater detail the feasibility of MRI technologies to study gene action at the level of mRNA in live animal brains, we have designed a probe that targets mmp-9 mRNA. This work is driven by the hypothesis that MMP-9 activities mediate cerebral abnormal water diffusion after GCI.
The brain probe we have developed comprises short polymers of oligodeoxynucleotide (ODN), 16 -26 bases (5ϳ8 kDa) in length, with sequences complementary to an mRNA transcript (P. K. . To make it biologically active, the backbone of the ODN is phosphorothioate-modified such that it develops resistance to nucleases in the cytoplasm. The WatsonCrick base pairing mechanism mediates the targeting or binding of ODN to mRNA, allowing the brain probe to report gene activities when used at a low dose and with proper labels. The same base pairing mechanism also inhibits translation at high dose (Wahlestedt et al., 1993; Wang et al., 2003) . In this communication, we tested the hypothesis that phosphorothioate-modified ODN (sODN)-mmp9 could delineate the mechanism of hDWI in living brains.
Materials and Methods

Brain damage in living brains using a global cerebral ischemia model
All of the procedures and animal care practices we used adhered strictly to Association for Assessment and Accreditation of Laboratory Animals, Society for Neuroscience, and institutional guidelines for experimental animal health, safety, and comfort. Male C57black6 mice (n ϭ 35, 23 Ϯ 3 g, Taconic Farm) were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (12 mg/kg, i.p.). The mice were kept at 36 Ϯ 1°C. Cerebral ischemia was induced by 60 min of bilateral carotid artery occlusion (BCAO) and MRI acquisition for DWI/apparent diffusion coefficient (ADC) and R2* (1/T2*) maps was performed as described (C. H. Liu et al., 2007b Liu et al., ,c, 2008 . After GCI, the mice were given 5% dextrose-enriched Ringer's solution (1 ml, s.c.), daily, for 1 week.
We conducted diffusion-weighted MR imaging on a total of 35 mice at various time points after reperfusion, from 1 h and up to 6 d after BCAO, using an MRI protocol previously described (C. H. Liu et al., 2007a) . We measured (bilaterally) the cortical and striatal volume of metabolic disturbance (VMD) in each animal. For each animal, MRI scans were separated by at least 7 h; that is, no scan was conducted on the same animal less than 7 h after the previous, to avoid undue exposure to anesthesia during the recovery period. In animals that received fluorescein isothiocyanate (FITC)-sODN, we acquired DWI and calculated ADC changes. In animals that received superparamagnetic iron oxide nanoparticle (SPION)-sODN by intracerebroventricular infusion (C. H. Liu et al., 2007a,b,c) , however, we acquired DWI only and did not analyze ADC changes because the uptake of SPION causes transverse relaxation time (T2) signal reduction, which interferes with ADC and VMD calculations.
Protocols for in vivo MRI at 9.4T
Iron assessment and R2* imaging. The total cumulative scan time for each animal was ϳ30 min (0.5 h). Animals were anesthetized by gas anesthesia (2% isofluorane in O 2 /air mixture) before and during MRI. The MRI protocols included: (1) RARE tripilot acquisition sequence for localization (2) Serial, two-dimensional gradient echo fast imaging (GEFI) with repetition time (TR)/echo time (TE) ϭ 500/3, 4, 6, 8, 10 ms, 117 ϫ 117 m 2 , 20 0.5 mm contiguous slices, flip angle ϭ 30, number of average ϭ 2.
Gadolinium-enhanced MRI. For detection of BBB leakage, animals were scanned before injection of gadolinium (Gd)-DTPA (Magnevist; Shering), using a T1-weighted three-dimensional spin echo protocol (TR/TE ϭ 400/11 ms, 120 ϫ 120 ϫ 500 m 2 , number of average ϭ 4). Gd-DTPA was administered to the jugular vein (0.1 mmol/kg, i.v.) and the mouse was imaged within 10 min. Extensive, enhanced T1 signal compared with a pre-Gd scan was considered evidence of leakage; that is, an increase in the T1 signal identified leaky areas of the brain.
Data processing for MR image alignment, T2* (or R2*) map calculation, and region of interest analysis. For voxelwise and region-of-interest comparison, images were automatically and manually aligned using 12 degrees of freedom; 3 each for rotation, translation, inflation, and skew. We fine-tuned the image alignment by visual comparison to the template images, focusing on obvious landmarks such as the corpus callosum and outlines of the ventricles. We constructed R2* maps from the aligned images by pixelwise linear fitting for sets of images with the same TR and incremental TEs, as determined by the equation M ϭ M 0 ϫ exp (ϪTE/ T2*). The presence of SPION in the tissue is reflected by elevated R2* (or reduced T2*) (Boxerman et al., 1995) . We constructed R2* maps using an in-house software. We followed the work of Paxinos and Franklin (2001) to outline the regions of interest (ROIs). We assumed that the cell population and its organization within a particular ROI remained largely unchanged during the experimental timeframe of 10 h, such that we could compare the ROI analysis of brain regions with similar structural composition between the experimental and control animal groups on the day of the experiment. As part of the ROI analysis, we extracted R2* values (MRVision) from the brain regions depicted in Figure 2 and statistically computed the mean and SEM from the averaged values in each group of animals (see Statistical analysis). After the MRI scanning protocol, we excised postmortem brain samples for immunohistochemical analysis of probe uptake or antigen expression.
Immunohistochemistry of MMP-9 antigen. Immunohistochemical staining of vascular endothelial cells by Cy3-griffonia simplicifolia lectin I, cell nuclei by Hoechst and mouse MMP-9 antigen by rabbit polyclonal antibodies against MMP-9 (ab38898, AbCam) was followed by FITCanti-rabbit IgG for the secondary antibodies, as previously described (C. H. Liu et al., 2007a; You et al., 2007) .
Preparation of biotinylated sODN and SPION-NeutrAvidin. Activated SPION-NeutrAvidin (SPION-NA) was stored in an amber-colored bottle at 4°C, at a concentration of 4 mg of iron per milliliter of sodium citrate buffer (C. H. . We synthesized 5Ј-biotin-labeled antisense sODN: sODN-mmp9 (5Ј TAC ATG AGC GCT TCC GGC AC 3Ј) to mmp-9 mRNA (accession no. AY902320) of the mouse (Zechel et al., 2002) ; the sequence of sODN-Ran has been previously reported (C. H. . Single-stranded ODNs were protected from nonspecific nuclease by phosphorothioate modification of all nucleotide backbones. All sODN were purified using PAGE and delivered by intracerebroventricular infusion (C. H. Liu et al., 2007b) , and MMP-9 zymography was performed as described (Gursoy-Ozdemir et al., 2004) . The R2* maps were constructed from five 0.5 mm MR slices (ϩ1.3 to Ϫ1.2 mm, bregma) acquired in each animal.
Statistical analysis. We performed a power calculation, using the average and SE of the data obtained from the first set of animals, to calculate the number of animals required in each group to achieve 90% power for a p value of 0.02; for this calculation we used in-house software [W. W. La Morte, Sample Size Calculation in Animal Research; Boston University Medical Center, Institutional Animal Care and Use Committee Newsletter (http://www.stat.uiowa.edu/ϳrlenth/Power/)]. Unless the power calculation called for a greater number of animals, each study was repeated with three animals in each treatment group. If the minimum number of animals was Ͼ10, we revised both our hypothesis and our protocol. We computed the mean and SEM from the averages in each group of animals, and compared the statistical significance of these values using a t test (one-tailed, type II or equal variant) or contingency tests (Fisher's exact test for p values, GraphPad Prism IV, GraphPad Software). A p value of Ͻ0.05 was statistically significant.
Results
GCI in C57black6 mice leads to oxidative stress , a condition causing metabolic disturbance that manifests as decreased intracellular pH and adenosine triphosphate concentration as well as reactive species of oxygen and nitrogen. Brain damage induced by the GCI model, most often, neuronal death by DNA fragmentation within a few days after the procedure (Barone et al., 1993 ; P. K. Liu et al., 1996; Fujii et al., 1997; C. H. Liu et al., 2007a) , seldom produces necrosis and has no ischemic core or penumbra at the damage site. However, in-creased levels of intracellular calcium and glutamate after GCI can cause abnormal water diffusion in the brain, which can be detected by MR as an hDWI. We observed that cortical and striatal hDWI was accompanied by a reduction in apparent diffusion coefficient (rADC), to less than two SEM below the average ADC of the normal brain ( Fig. 1 A, top panels) . This model also produces leakage of the BBB in the cortex and striatum, as shown by Evans blue extravasation (C. H. ; the BBB in the striatum remained leaky near the location where we measured abnormal water diffusion for 2-3 months ( Fig. 1 A, bottom panels). We hypothesized that abnormal water diffusion in striatal regions showing significant rADC is a sign of metabolic disturbance and could serve as the initial parameter for detection of tissue damage. To quantitatively compare the severity of brain damage after GCI, we attempted to measure the volume of abnormal water diffusion from MRI. To do so, we outlined areas of the brain that exhibited ADC values below the threshold ADC, that is, two SEM below the average ADC in normal mice, or having a ADC at Ͻ2.5% of the distribution curve (one tail) of normal ADC (C. H. Liu et al., 2007a ). Figure 1 A shows an example of striatal ADC with highlighted regions of metabolic disturbance from two representative animals. After identifying these areas of low ADC, we determined the VMD by adding the product of the area below the threshold ADC to the thickness of the MRI slice (1 mm). We calculated the average VMD by incorporating measurements acquired from at least four mice at each time point, which thus allowed us to define a temporal VMD profile in the cortex and striatum ( Fig. 1 B,C) . The hippocampus, although a region vulnerable to cell death (P. K. Liu et al., 1996; Huang et al., 2000) , did show small VMD in one third of mice (n ϭ 12) examined for rADC; vulnerability to cell death in the hippocampus after GCI is not always exhibited as hDWI/ rADC (C. H. Liu et al., 2007a) . We observed that, at all time points, VMD was highest immediately after reperfusion. This peak was followed by a gradual drop in VMD between 3-8 h of reperfusion ( Fig. 1 B,C) . In the striatum, VMD rose gradually after 9 h, plateaued between 9 and 48 h, then dropped again in volume beyond 2 d. We observed the same peak in the cortex, but cortical VMD peaked anywhere between 9 h and 5 d after reperfusion. We also observed that brain regions with significant VMD after 60 min BCAO and reperfusion could appear either unilaterally (n ϭ 2, or 25%) or bilaterally (n ϭ 6, or 75%) in a single series of experiments (Fig.  1 A) . Indeed, Gd-enhanced MRI suggests that the hemisphere exhibiting brain damage matches that where VMD is noted in the striatum several weeks later (Fig. 1 A) . Because ventriculomegaly and tissue damage in the striatum developed after hDWI, we hypothesized that mmp-9 mRNA expression differed in the cortex and the striatum.
What did the SPION-mmp9 probe and MRI report after GCI in mice?
We aimed to compare expression of the mmp-9 mRNA transcript in the cortex and striatum in living brains using MRI. We conjugated sODN-mmp9 (and sODN-Ran as a control) to SPION-NA via biotin and NA linkage (C. H. Liu et al., 2007a,b,c) . The SPION-mmp9 and SPION-Ran probes (Fe ϭ 40 g or SPION ϭ 120 pmol per kg) were delivered by intracerebroventricular infusion to the left lateral cerebral ventricle of the brain Figure 1 . A, A rostral view of regions of metabolic disturbance as depicted by DWI or ADC in two representative mice at 1 d (first row), compared with Gd-enhanced MRI acquired at 8 weeks (second row). ADC maps with highlighted areas correspond to regions of significant metabolic disturbance (ADC drop below threshold) and predict disruption of the BBB at 8 weeks (post-and pre-Gd image of Gd-MRI, second rows). Our previous studies have shown that BBB leakage varied (25% of the animals during the first 3 h of reperfusion after 60 min BCAO using Gd-DTPA), but all animals developed BBB leakage by 4 -12 weeks . B, C, Temporal changes in the VMD of the cortex and striatum. Cerebral metabolic disturbance is defined as a region with ADC below the threshold ADC of normal mice (2 SEM below average ADC in normal mice: striatum threshold was 4.69 ϫ 10 Ϫ4 mm 2 /s; cortex threshold was 5.41 ϫ 10 Ϫ4 mm 2 /s). The areas of metabolic disturbance were obtained from multiple MR slices (representative slide shown above the B for cortex and C for striatum), and VMD was determined by summation of these areas in the corresponding brain regions and multiplying by the thickness of each MRI slice (1 mm). The VMD value at each time point was compared with the VMD at the end point at6dbyt test (*p Ͻ 0.03). The corresponding number of animals (N) used at each time period is included at the bottom of the bar graph. We did observe 4 of 12 of the mice had significant rADC below the threshold (supplemental material, available at www.jneurosci.org) in the hippocampus; we did not include them in the volume calculation for metabolic disturbance.
(C. H. Liu et al., 2007c) in two groups of mice after GCI ( Fig. 2 A) ; we chose the intracerebroventricular route of delivery to avoid variations in probe uptake caused by BBB disruption. We computed individual subtraction maps (Fig. 2 B) from MR images acquired 10 h after reperfusion in the experimental and control groups to assess SPION probe retention. We observed localized elevation of R2* values with stronger retention in the striatal regions in each of three mice. Group averaged R2* maps were computed (as presented in Fig. 2C ) and, again, showed greater retention in the striatum after SPION-mmp9, indicating that probe concentration was greater in ischemic brains that received SPION-mmp9 than in those that received SPION-Ran (Fig. 2C , corresponding R2* scale to the right).
Although the probe was infused into the left ventricle, we found no significant difference between the R2* values in the left and right hemispheres of individual animals at 10 h of reperfusion, whether in the SPION-mmp9 (between cortices, p ϭ 0.09; between striata, p ϭ 0.18) or the SPION-Ran ( p Ͼ 0.25 in both cortex and striatum) group. Statistical analysis of regional SPION retention showed that retention of SPION-mmp9, compared with SPION-Ran, was significantly elevated in both the striatum and cortex at 10 h of reperfusion (Fig. 2 E) . Still, the elevation of SPION-mmp9 retention was greater in the striatum than in the cortex. SPION-Ran retention was not significantly different from baseline measures in either sham-operated (SO) or normal animals. SPION-mmp9 retention in GCI animals showed that striatal mmp-9 mRNA expression was twofold greater than that of the control group, and the elevation in cortical mmp-9 mRNA was less than twofold in live brains. The data prompted us to determine whether MMP-9 activity and sODN-mmp9 targeted mmp9 mRNA were in fact elevated after GCI. We aimed to determine whether or not changing MMP-9 expression would alter rADC or VMD in the striatum.
GCI in mice induces mmp-9 mRNA expression in regions with hDWI
In this ex vivo hybridization assay, we delivered FITC-sODNmmp9 or FITC-sODN-Ran by intraperitoneal injection 1 h after GCI. DWI was conducted the next day, and postmortem samples were collected immediately after scanning. We chose this protocol because the transient BBB leakage that occurs immediately after GCI allows cross-over of small molecules such as Evans Blue, GD-DTPA, or FITC-sODN (5-8 kDa) (C. H. . We noted the presence of FITC-sODN- Figure 2 . MRI of MMP-9 gene activity in vivo after GCI. A, MRI protocol. Phosphorothioate-modified ODN with randomized sequence (sODN-Ran) or antisense sequence to mmp-9 mRNA (sODN-mmp9) was linked to SPION-NA and delivered at the time indicated according to the experimental protocol; we intracerebroventricularly infused SPION-mmp9 or SPION-Ran (40 g Fe/kg) at 3 h of reperfusion, and acquired MRI scans for R2* maps (for SPION retention) and DWI. B, R2* subtraction maps of SPION-mmp9: individual R2* maps of SPION-mmp9 minus the averaged SPION-Ran maps obtained from three mice in this study (multislice images for each animal displayed in rows). C shows group average R2* maps obtained from animals infused with SPION-mmp9 (top row) and SPION-Ran (bottom row). D depicts outlines of ROIs for statistical analyses performed according to the work of Paxinos and Franklin (2001) . All are rostral view. E, Bar graphs from ROI analysis that quantitatively compares the difference between SPION retention at 10 h of reperfusion after GCI (60 min) in animals that received SPION-mmp9 (open bars, N ϭ 3) and SPION-Ran (closed bars, N ϭ 3), *p Ͻ 0.05 by t test. mmp9 in three of four GCI-treated mice given FITC-sODNmmp9. Two representative mice with bilateral and unilateral hDWI/rADC are shown in Figure 3 , A and C, respectively. Histological examination for the presence of FITC-sODN was accomplished using the hippocampus as the reference point. Figure 3B shows the histological correlation between hDWI/ rADC and the presence of FITC-sODN-mmp9/mRNA hybrid in both hemispheres of the same brain. We observed retention of FITC-ODN-mmp9 in the parenchyma surrounding the microvessels (red), and extends to cells at least 50 m away from the vessels (Fig. 3B) ; the data suggested that leakage started in the vascular endothelia. In another mouse (Fig. 3C,D) , FITCsODN-mmp9 was present in the cytoplasm of granule cells in the subgranular zone of the dentate gyrus, where MRI detected hDWI/rADC (Fig. 3D, square insert) . However, we observed no mmp-9 mRNA expression in the region where DWI/ADC appeared normal (Fig. 3D, right panel) . Similarly, we did not observe probe retention in any of the four GCI mice administered FITC-sODN-Ran (Fig. 3E) , or in the SO group (Fig. 3F ) , although the SO group shows similar green background (Fig.  3F ) as in the hemisphere without hDWI (Fig. 3D, right panel) . These findings are consistent with the results of the SPIONRan probe and MRI shown in Figure 2 . This is true although the mice treated with GCI and FITC-sODN-Ran did show hDWI with elevated MMP-9 activity (Fig. 3G,H ) . The four mice that underwent SO (Fig. 3I ) showed no MMP-9 expression. In addition, we observed a loss of Hoechst staining in the dentate gyrus of the hippocampus in one mouse (Fig. 3D,  circle in the left panel) . The data suggest that a loss of nuclear DNA 1 d after GCI may signal apoptotic cell death in the dentate gyrus, where hDWI/rADC was detected in vivo. We concluded that BBB leakage allowed translocation of FITCsODN from the microvasculature to the cerebral parenchyma, and that the sODN sequences had intracellular specificity to discriminate mRNA targets; the exception, however, were those mice that received FITC-sODN-Ran, the control probe with no intracellular target. Having observed that mmp-9 mRNA levels were elevated in hDWI regions after GCI, we sought evidence that MMP-9 antigen would also be elevated in similar hDWI regions.
GCI in mice induces MMP-9 activity in regions with hDWI
Based on the observation above, we hypothesized that MMP-9 protein was expressed in the mouse brain in response to GCI insult. Knowing that VMD plateaus and is significant in both the cortex and striatum at 1 d, we acquired DWI 1 d after GCI (n ϭ 5) and SO (n ϭ 2), then obtained postmortem brain samples for immunohistochemistry immediately after MRI data acquisition was completed (Fig 4 A) . Samples were stained with rabbit anti-MMP-9 antibodies, costained with Hoechst for nuclei (purple), and Cy3-griffonia simplicifolia lectin I for endothelial cells (red). As Figure 4 shows, the mice did exhibit MMP-9 immunoreactivity (green) in the brain after GCI (Fig 4C-F ) . Regions without hDWI in the same mice showed less or no expression of MMP-9 protein. No significant MMP-9 activities were observed in tissue taken from GCI mice without antibodies (Fig. 4G ) or in SO mice (data not shown). We observed that MMP-9 antigen is localized in the cytoplasm and around the nuclei; both the neurons and endothelia expressed MMP-9 (Fig. 4H) . The results of the immunohistochemistry assay of MMP-9 antigen were consistent with mmp-9 mRNA in vivo hybridization, as measured by MRI. . The protocol is the same as in Figure 2 A, except FITC-sODN was delivered. We delivered FITC-labeled sODN (6 nmol/kg, i.p.) to the mice at 1 h of reperfusion, because the BBB is open in 75% of GCI-treated mice . One day after GCI, we obtained DWI and prepared postmortem samples from the region where hDWI is identified in the MRI (A, C, E, G) . The sODN-mmp9 sequence has been shown to bind to mmp-9 mRNA of the mouse (Zechel et al., 2002) . Samples were counterstained with Hoechst for nuclei and Cy3-griffonia simplicifolia lectin I for the vessel endothelia (B, D-F ). The presence of enhanced FITC stain indicates the location of probe retention. H and I show detection of MMP-9 antigen (red) and endothelial cells (green), using the same antibodies as in Figure 4 (labeling was reversed to show difference from hybrids). Arrows show the regions where photography was taken. CPU, Caudate putamen.
Gene targeting of mmp-9 mRNA by translation blocking Our gene targeting strategy, which uses a short nucleic acid complementary to a specific region of the target mRNA, can correlate gene activities and their functions by hybridizing to the target mRNA (P. K. Liu et al., 1994; C. H. Liu et al., 2007c) , either subjecting the mRNA to degradation or by blocking protein translation (gene expression/activity). Either of these mechanisms will reduce translation of the target mRNA and eventually reduce the activities of the target gene (Wahlestedt et al., 1993; Cui et al., 1999) . We hypothesized that sODN-mmp9, after hybridization to mmp-9 mRNA (Zechel et al., 2002) , would inhibit MMP-9 activities. We sought to test this hypothesis by infusing sODN-mmp9 as a short inhibitory DNA (siDNA) at high dose (120 nmol/kg) after GCI. We also included sODN-Ran as a control. To bypass the BBB and establish effective concentration, we used an intracerebroventricular route of delivery and sought to quantitatively evaluate MMP-9 activities 10 h after GCI using zymography.
For these experiments, we included additional control groups: mice that underwent either SO or GCI but received no intracerebroventricular infusion. We collected tissue samples for MMP-9 zymography from the brain areas between the hippocampus and the olfactory bulbs (using the intracerebroventricular infusion site as the reference point), the same areas where we had observed hDWI (Fig. 1) . For each assay, we used 20 g of protein from each mouse; we found similar levels of actin protein in all samples from all animals (Fig. 5A) . We included as a positive control a C57black6 mouse brain sample acquired after traumatic brain injury (TBI), which expressed a higher MMP-9 activity level than did the GCI sample (both without intracerebroventricular infusion) and served as a marker for mouse MMP-9 activity. We also included a positive control of human origin. In all but one animal (asterisk) that received GCI and sODN-mmp9, we observed no MMP-9 activation (Fig. 5B) ; similarly, no MMP-9 activity was noted in SO animals that did not receive GCI and the intracerebroventricular infusion (Fig.  5C ). Because we detected MMP-9 activity in animals that experienced GCI or TBI without intracerebroventricular infusion as positive controls, it is quite clear that it is not the intracerebroventricular infusion that causes MMP-9 activity. Furthermore, we observed that GCI with nontargeting sODN-Ran did not reduce MMP-9 activities. Altogether, in repeated observations, MMP-9 activities were present in seven of eight animals from the GCI and SPIONRan group (87.5%), and in only two of 10 mice treated with GCI and sODN-mmp9 (20%). The total numbers of animals used in these knockdown experiments exceeded or equaled the required number indicated by power analysis (Table 1) . The results in the GCI plus sODN-mmp9 group were significantly different from those measured in the GCI group that received no intracerebroventricular infusion ( p Ͻ 0.04), as well as in the GCI sODN-Ran group ( p Ͻ 0.01, Fisher's exact test). There was no significant difference between the GCI animals with and without sODN-Ran ( p Ͼ 0.69). As such, it is clear that the effect of sODN-mmp9 on post-GCI MMP-9 activities differed significantly compared with all of the control groups we measured. We did not compare BBB leakage because it could not be quantified in mice that received intracerebroventricular infusion. Having observed no gene knockdown of MMP-9 activities 24 h after delivery (data not shown), we concluded that the gene knockdown effect of sODNmmp9 on MMP-9 activation is transient. Nevertheless, the data indicate that sODN-mmp9 hybridizes to its target mRNA.
Transient rADC reversal in MRI after MMP-9 knockdown
We aimed to demonstrate whether the level of MMP-9 activation impacts the development of hDWI/rADC after GCI. Our hypothesis was that a reduction in MMP-9 activity would impede the development of striatal metabolic imbalance by causing a reversal in ADC drop. We tested this hypothesis by determining the effect of siDNA to mmp-9 mRNA on the development of DWI/ADC after GCI. We delivered sODN-mmp9 via intracerebroventricular route 1 h after reperfusion and performed MR scans 1 d later to identify areas of hDWI/rADC. To quantitatively measure the effect of sODN-mmp9, we included data from all mice and did not exclude potential outliers in our statistical analysis. We observed a significant reversal in ADC drop in the striatum at 1 d in the group that received sODN-mmp9 (Fig. 5D) , compared with Figure 4 . Immunohistochemistry of MMP-9 antigen in C57black6 after 60 min GCI (n ϭ 5). Protocol is shown in A. Regional metabolic disturbance was identified by hDWI 1 d after GCI (rostral view of one animal is shown in B). Postmortem brain tissue sections were obtained after MRI and assayed for MMP-9 antigen using rabbit polyclonal anti-MMP-9 IgG followed by secondary FITC-anti-rabbit IgG, and each sample was counter-stained for endothelia using Cy-3-griffonia simplicifolia lectin I and Hoechst stain for nuclei (C-F ). The same GCI mouse without primary antibodies is shown (G). MMP-9 antigen is present in endothelia (H). No detection of anti-MMP-9 IgG is shown when the antibodies are deleted (I).
the group that received sODN-Ran or no probe. We observed no change in cortical rADC at this time point in any group.
We measured total VMD in mice using siDNA for gene knockdown of mmp-9 mRNA. We observed a significant reversal of striatal ADC reduction and a decrease in VMD (30 -40%) in the group that received sODN-mmp9 (Fig. 5, D, E, respectively) , compared with two different control groups: GCI without intracerebroventricular infusion and GCI with sODN-Ran (Table 1) . In repeated experiments using the same protocol (paired observations), five of six animals (83%) that received GCI and sODNRan exhibited hDWI similar to the control without sODN infusion at the same time points. We conclude that sODN-mmp9 may have multiple applications for MR imaging of in vivo target gene activities (Fig. 2) and ex vivo hybridization (Fig. 3) , as well as gene knockdown (Fig. 5) .
In conclusion, we have demonstrated that abnormal water diffusion (as measured by MRI and shown as hDWI or rADC) occurs at two time points after GCI: the first, at the release of BCAO (reperfusion), and the second, at 10 h of reperfusion. The second peak was found to last for at least 2 d (Fig. 1) . Striatal Figure 5 . MMP-9 activity knockdown using siDNA (sODN-mmp9). Phosphorothioate-modified ODN with randomized sequence (sODN-Ran) or antisense sequence to mmp-9 mRNA (sODNmmp9) was infused at 1 and 3 h; all samples were collected at 10 h of reperfusion. Protocol is shown in A. B and C show two paired observations of MMP-9 activities in postmortem samples (20 g of protein per lane) from bilateral frontal regions of individual animals, as assessed by zymography (You et al., 2007) . The intracerebroventricular infusion was at 3 h reperfusion in B (sODN ϭ 20 nmol/kg, brain extracts were obtained from left hemisphere) or at 1 h reperfusion in C (sODN ϭ 120 nmol/kg, brain extracts were obtained from bilateral frontal brain at 1-2 bregma). Positive control (PC) samples showing human MMP-9/2 protein (Millipore Bioscience Research Reagents #CC073) and C57black6 mouse (TBI) were included as markers along with mouse controls (SO or CGI without intracerebroventricular infusion). D shows changes in cerebral rADC [mm 2 /s (ϫ 10 Ϫ4 ); three groups of mice are shown: mice with GCI but without intracerebroventricular infusion (open bars, n ϭ 11), mice that received sODN-mmp9 (dark bars, n ϭ 6; *p ϭ 0.004, t test compared to mice with sODN-Ran), and sODN-Ran (gray bars, n ϭ 6)]. E compares striatal VMD (mm 3 , mean Ϯ SEM) in two groups of mice that received sODN-mmp9 (dark bar, 8.3 Ϯ 1.3) or sODN-Ran (gray box, 12.8 Ϯ 1.0) 1 d after BCAO (n ϭ 6 each). *p ϭ 0.004, t test. There was no significant difference between mice after BCAO with or without intracerebroventricular infusion of sODN-Ran (data not shown). The control antigen (␤-actin) in B was stained with primary antibody mouse anti-␤-actin (Sigma A-5441) followed by a secondary antibody: Cy5-conjugated donkey anti-mouse antibody (Jackson ImmunoResearch). Scanned with Typhoon 9400 (GE Healthcare). The control antigen in C was the same except the secondary antibody was HRP-conjugated sheep anti-mouse antibody (GE Healthcare detection: ECL Western blotting detection of reagents), exposed to x-ray film (Kodak MioMax MR film).
Table 1. Statistical analysis for animals with MMP-9 activities
Group ( hDWI with sufficient ADC reduction, measured as VMD, predicted BBB leakage at the late reperfusion time point. Elevated mmp-9 mRNA in the region with VMD could be detected by MRI in vivo using the SPION-mmp9 brain probe (Fig. 2) , or by low-dose siDNA of FITC-sODN-mmp9 (Fig. 3 ), both at 10 h of reperfusion. MMP-9 antigen was expressed in neurons and endothelia within the region that exhibits hDWI at 1 d of reperfusion (Fig. 4) . High-dose siDNA delivered at one to 3 h of reperfusion causes knockdown of MMP-9 activities and accompanies rADC reversal (Fig. 5) . Most important, noninvasive delivery of FITC-siDNA (Ͻ10 kDa, i.p.) detected mmp-9 mRNA expression and minute BBB leakage after GCI (Fig. 3 ).
Discussion
The actions of genes in the brain cells regulate most activities in the normal and diseased brain, including brain functions related to learning, response to stress, and psychiatric and neurologic disorders, as well as general medical disorders such as cardiovascular disease, stroke and traumatic injury that can change brain energy metabolism and blood flow. Our data presented herein suggest that MMP-9 activities from neurons and endothelia can adversely affect the development of cerebral metabolic disturbance after GCI. Our data indicate that, by targeting mmp-9 mRNA, short DNA has multiple applications as siDNA and reporter of mmp-9 mRNA expression in living mouse brains. Perturbations in neurovascular functional integrity are associated with upregulation of several genes that initiate cascades of injury. Upstream signals such as oxidative stress, together with neutrophil and/or platelet interactions with activated endothelium, can upregulate the mmp-9 gene, which has been suggested to play a role in the BBB disruption associated with many acute neurological conditions. Severe disruption of the BBB diminishes its protective capabilities, and thus causes the brain to become "leaky" (Gidday et al., 2005) . In addition, attenuation of MMP-9 activity may be associated with a reduction in cell death after GCI (Lee et al., 2004) . The regional consistency observed in rADC, elevation in levels of MMP-9 antigen, and retention of SPIONmmp9 in the striatum further strengthen the suggestion that MMP-9 activities may be involved in the development of initial metabolic imbalance after GCI.
We established our GCI model in male C57black6 mice to investigate the expression of endogenous genes, cerebral oxidative stress, and brain damage. By virtue of a defect in the posterior communicating arteries of these animals, transient hypoxia/ischemia in this model induces GCI by restricting cerebral blood flow by at least 80% (Barone et al., 1993; Fujii et al., 1997; Murakami et al., 1998) . Because early studies reported cell death in these animals (Barone et al., 1993; P. K. Liu et al., 1996) , many other studies have used the same mouse strain and reported apoptotic neuronal death, BBB leakage, and gliosis in the striatum, cortex, and hippocampus (Fujii et al., 1997; Yang et al., 1997; Kitagawa et al., 1998; Murakami et al., 1998; Terashima et al., 1998; C. H. Liu et al., 2007a) . Brain injury induced by this GCI model is not characterized by distinct core and penumbral regions, as is the case in stroke models involving focal occlusion of the middle cerebral artery. Ventriculomegaly observed in MR images acquired after GCI in two mice suggests that damage includes loss of brain cells (Fig. 1 B) . Some investigators believe this GCI model may simulate cerebral ischemia during cardiac arrest and cardiopulmonary resuscitation, because cerebral blood flow is partially reduced during BCAO. Rat studies of GCI that simulates cardiac arrest show that leakage of the BBB is biphasic in nature, with stable BBB leakage at 10 -48 h of reperfusion (Fujioka et al., 1994; Mossakowski et al., 1994; Back et al., 2004) . Our studies on VMD determined by using rADC (Fig. 1) and our data on ex vivo hybridization of FITC-sODN-mmp9 (Fig. 3 ) support these observations. However, our method using noninvasive MRI for volumetric measurement of the threshold ADC for VMD may have an advantage over such other methods involving invasive quantification to measure BBB leakage measurements. Regions that exhibit a drop in ADC below the threshold are thought to represent brain areas of enhanced metabolic disturbance, where potential BBB leakage may occur (Fig. 1 A) . We are certain that more studies will validate the potential application of noninvasive VMD to evaluate brain injury sites post-GCI.
By targeting mmp-9 mRNA, we have demonstrated the feasibility of detecting gene activities using MRI and manipulating gene action by changing VMD in the living brain after GCI. Our experiments have reliably shown that mmp-9 mRNA and protein are expressed in regions that exhibit metabolic disturbance, as detected by abnormal water content in MRI (hDWI), conventional immunohistochemistry, MMP-9 activation assay (zymography), and in vivo hybridization with an sODN-mmp9 probe coupled with ex vivo observation. We also demonstrated that gene knockdown by sODN-mmp9 after GCI reduces MMP-9 activities, and that this brain probe that reduces MMP-9 activities also significantly reverses striatal ADC drop, a parameter known to be associated with a reduction in brain damage (Mancuso et al., 2000) . These observation are consistent with those of gene knockdown in acute neurological disorders in rodents (Wahlestedt et al., 1993; Zhang et al., 1999) , although in our current study, we delivered the brain probe after GCI. By measuring VMD after blocking MMP-9 activities with the sODN-mmp9 brain probe, we observed a decrease in the severity of metabolic disturbance. Having made these observations, we found evidence to support the hypothesis that MMP-9 gene expression may play a role in the formation of striatal brain damage. This conclusion is consistent with results showing lesser levels of cell death after GCI in an MMP-9 deficient mouse strain (Lee et al., 2004 ).
An additional advantage of our method is that the probe was administered after the GCI episode, and as such more closely resembled a real clinical scenario than other methods that require delivery of brain probe before acute neurological disorder. The amount of iron needed in gene transcript MRI (120 pmol per kg body weight) has been demonstrated not to exacerbate GCI outcome (C. H. Liu et al., 2007a,b,c) . Although a dose of sODNmmp9 much higher than the tracking dose is required for gene knockdown, the MMP-9 knockdown protocol involves less or no iron oxide contrast agent. Iron oxide concentration as high as 8 nmol in human cells is considered safe (Bulte et al., 2001 ). Therefore, iron overload may not be an issue for manipulating MMP-9 activities. Indeed, we delivered repeated doses (as high as 10 nmol per kg once a week for 4 weeks via intraperitoneal route) and observed no adverse effect (C. H. . Unique to our sODN-mmp9 probe, as reported here, is the potential application for mechanistic investigation using gene knockdown of mmp-9 mRNA in living mouse brains. By enabling such studies of mechanism, this probe represents a great advance for neuroscience. Our technique has potential for clinical application, especially for efforts to delineate gene expression and brain injury.
Other advantages of our probe are its applications for tracking intracellular mRNA transcripts at low dose and initiating gene knockdown at high dose. Both of these applications rely on the base pairing between nucleic acids of complementary sequences, as is evident by results obtained with a control probe of random sequence. Whereas the control reports no endogenous mRNA, no effect on MMP-9 activities, or change in rADC, the sODNmmp9 probe is shown to reduce MMP-9 activity and create specific gene knockdown in live mouse brains after GCI, without affecting the expression of actin, which is known not to be affected by GCI (Cui and Liu, 2001 ). Other potential applications that have been reported include assessment of gene transcription activities, apoptotic cell death (marked by cells' inability to take up SPION-cfos), and cell typing (cells with specific gene transcript) during brain repair by gliosis and angiogenesis in animal models of acute neurological disorders (C. H. Liu et al., 2007a . Although the involvement of MMP-9 activities in the etiology of cell death is well established in stroke models, we know very little about brain injury after cardiac arrest. Elevated blood levels of MMP have been used to diagnose BBB disruption in humans (Clark et al., 1997; McGirt et al., 2002; Lynch et al., 2004) , mice (Asahi et al., 2001; Huang et al., 2001; Magnoni et al., 2004) and rats (Pfefferkorn and Rosenberg, 2003) ; still, an MMP assay is less likely to offer information about a regional correlation between lesion and MMP-9 activity. We show here that MMP-9 antigen is expressed in the same location where metabolic disturbance is exhibited after GCI (Fig. 4) , and our results agree with those that have been reported in the literature.
It is reasonable to suggest that elevated VMD, as detected by in vivo MRI, can serve as a metric of brain damage. We have observed here that GCI-induced VMD is significantly reduced when MMP-9 activity is temporarily blocked after GCI in C57black6 mice. We must conduct future studies to explore whether continuous and repeated dosing of sODN-mmp9 brings about an undesirable effect. Nevertheless, the short duration of action by antisense sODN-mmp9 may be more desirable than a longer lasting one, as MMP-9 activities may be required for angiogenesis and tissue repair (Zhao et al., 2006; Bove et al., 2007) . Therefore, the balance of extended and repeated dosing will have to be carefully monitored as alternative approaches.
The knockdown effect of sODN-mmp9 on VMD is transient and never 100% effective; and results indicate that products of other gene transcripts may also be involved in the development of VMD or rADC. Therefore, the development of VMD after GCI is likely mediated by continuous expression of mmp-9 mRNA or multiple gene transcripts that can be investigated using the same strategies for different mRNA targets. It is important to note that sODN-mmp9 was administered in our studies after the GCI episode, eliminating the need for the preconditioning often used in therapies of cerebral ischemia. In conclusion, we have demonstrated the feasibility of using a short inhibitory nucleic acid to induce gene knockdown after vessel occlusion, and the feasibility of a novel MR contrast agent to trace sODN-mmp9 and allow MRI detection of endogenous MMP-9 activities in the striatum of living animal brains. We have further demonstrated that VMD is reduced and rADC reversed in the striatum after MMP-9 activity knockdown. The novel technique we have developed holds potential to revolutionize investigations of drug efficacy and therapeutic evaluation by alleviating reliance on methods that require postmortem tissue sampling.
